Objectives: The present study evaluated the association between energy intake, energy required and mortality in older adults. Design: A cohort study with a mean of 10·67 (SD 4·74) years of follow-up. Participants completed a 24 h dietary recall. Energy required per day was computed by BMR. Deaths through 2006 were identified from the National Death Index. A Cox regression was used to estimate the hazard ratios (HR) of quantiles of energy intake and energy required on all-cause and CVD mortality, adjusting for demographics, socio-economic status and co-morbidity. Setting: The National Health and Nutrition Examination Survey (NHANES) III, 1988III, -1994. Subjects: A total of 4846 participants aged 60 years or above were analysed. Results: Within the follow-up period, there were a total of 2954 deaths (61·0 %), 51·9 % were caused by CVD. Relative to those in quartile 1 of energy intake, only quartile 4 was associated with all-cause mortality and CVD mortality with HR of 0·86 (95 % CI 0·77, 0·96, P = 0·006) and 0·76 (95 % CI 0·65, 0·89, P = 0·001), respectively. On the other hand, relative to those in quartile 1 of energy required, all quartiles of participants had a lower risk of all-cause mortality and CVD mortality. The interaction effects between energy intake and energy required with all-cause and CVD mortality were insignificant (P = 0·70 and 0·61, respectively). Conclusions: Independent of energy required, higher energy intake was associated with lower HR of both all-cause and CVD mortality in older adults.
The effect of energy intake on mortality and morbidity has been the scope of intensive research for many years (1) (2) (3) , particularly among critically ill hospital populations that undertake minimal physical activity (3) (4) (5) (6) (7) (8) . The association between energy intake and the clinical outcomes of critically ill patients on nutritional therapy from observational studies suggested that those with higher energy intake had higher chances of survival and hospital discharge (4, 5) . A narrative review also noted that improving the adequacy of enteral nutrition by moving intake to >25 % but <66 % of the set energy intake target might be associated with clinical benefits (6) ; the authors acknowledged, however, that the observational studies could be limited by unmeasurable factors and residual confounding. Similarly, other research among critical ill patients showed that increasing energy intake was associated with lower allcause mortality (7, 8) . Most studies appeared to conclude that critically ill patients were undernourished and that increasing energy intake was beneficial to them.
Similar findings were also found in population-based, community-dwelling samples. Several large-scale epidemiological studies revealed that higher energy intake appeared beneficial to mortality. For example, in a population-based cohort of non-smoking JapaneseAmerican males with a 36-year follow up, those with less than half of the mean energy intake had elevated ageadjusted all-cause and cardiovascular mortality rates (2) . A population-based meta-analysis in Cuba showed that increased energy intake during the period of 1990-2005 was associated with reductions in CVD and diabetes mortality (9) . Another population-based prospective study also found that individuals with low energy intake did not have lower mortality than those with average or high energy intake, and the authors suggested that the equilibrium between energy required and energy intake and the study characteristics should be considered in the evaluation (10) . These findings contrast with the hypothesized pathway that higher energy intake leads to an increase of BMI and related morbidity and hence mortality (11) . We believe that energy required will modify the effect between energy intake and mortality. We acknowledge that energy required/consumption varies across different persons and is dependent on age, sex, body composition/ nutritional status and physical activity level (12) . Among the general population, the associations between physical activity and mortality (13) , and between daily energy intake, physical activity and CVD and diabetes mortality, have been well established (9) . However, little research has been conducted on the optimal level of energy intake in improving health outcomes among the communitydwelling elderly, and results obtained in the general population cannot be directly applied to the elderly since they have very different metabolism rates and gastrointestinal function compared with their adult counterparts (14) . This is central to the present study evaluating the interaction effects of energy intake and energy required with all-cause and CVD mortality among participants aged 60 years or above in a large, representative US cohort. Our study takes account of factors such as age, sex, body composition (BMI) and physical activity level while calculating energy consumption.
Methods

Participants
The current study utilized data collected from participants in the National Health and Nutrition Examination Survey (NHANES) III conducted from October 1988 to October 1994. The NHANES III, conducted by the National Center for Health Statistics, Centers for Disease Control and Prevention, was designed to assess the health and nutritional status of US residents (http://www.cdc.gov/nchs/nhanes/ about_nhanes.htm). The sample was representative of the US population and was selected using a multistage probability cluster design. Participants were invited to complete a survey and a health examination; details can be obtained from the NHANES website (http://www.cdc. gov/nchs/nhanes/nhanes_questionnaires.htm). A total of 33 994 participants completed the survey; those aged 59 years or below and those with less than 1 year of follow-up were excluded from the present study, leaving a final sample of 4846.
The NHANES III data were linked with death certificate data in the National Death Index through 31 December 2006. Participants had been followed for 10·67 (SD 4·74) years on average. The cause of death was coded using the International Classification of Diseases, 9th revision (ICD-9) until 1998 (when it was re-coded using the 10th revision, ICD-10) and the ICD-10 was used from 1999. Mortality caused by CVD was defined as ICD-10 codes I00-I78. Participants with no mortality status were assumed to be alive.
Dietary recall
At baseline, participants were interviewed by trained dietary interviewers to complete a 24 h dietary recall and their energy intake was computed based on the University of Minnesota Nutrition Coordinating Center nutrient database data (15, 16) . Nutrient supplements and medications were excluded.
Physical activity was assessed using questionnaires including the number of times of walking a mile without stopping, jogging or running, riding a bicycle, swimming, doing aerobics, dancing, doing calisthenics, doing yard work and lifting weights in the past month. Frequency of physical activity per week was computed by summing up the above times and dividing by 4·3 (~30/7). Energy required per day was computed as BMR times physical activity factor using the revised Harris-Benedict equation (17) as follows. First, BMR was computed using the following equations.
For men:
For women:
The energy required per day was then computed as BMR times 1·2, 1·375, 1·55, 1·725 or 1·9 if the physical activity frequency was <1, 1-3, 4-5, 6-7 or >7 times per week. Both energy intake and energy required were grouped into quartiles. As the energy required was associated with age, gender, weight and height, these variables were not adjusted for in the subsequent analysis to avoid double adjustment.
Other measurements
At the mobile examination centre, blood pressure was measured by physicians. Blood pressure was measured three times and the mean values were used. Participants were classified as having hypertension if they reported having doctor-diagnosed hypertension or had a blood pressure of ≥140/90 mmHg. A blood test was conducted at the mobile examination centre to obtain the plasma glucose level and C-reactive protein level. Participants were classified as having type 2 diabetes if they either reported having doctor-diagnosed type 2 diabetes or had fasting plasma glucose >126 mg/dl or glycated Hb >6·5 %. Participants were classified as having high C-reactive protein level if >3·0 mg/l. Height and weight were measured by trained interviewers and BMI was calculated
Statistical analysis
All confounders with missing data were imputed using the additive regression available in the package Hmisc of R. The association between energy intake and energy required was computed using Spearman correlation. Cox regression was used to estimate the hazard ratios (HR) of energy intake and energy required on all-cause and CVD mortality, with the first quartile as the reference group. HR were adjusted for race, education level, smoking status, hypertension, type 2 diabetes and high C-reactive protein level, with age, sex and BMI unadjusted to avoid double adjustment. Three sensitivity analyses were conducted: (i) by comparing the HR with and without adjustment for age, sex and BMI; (ii) by comparing the HR of energy intake with adjustment for energy required or adjustment for BMR plus physical activity level (as quartiles); and (iii) by comparing the HR with and without omission of deaths within 1-3 years of recruitment. The results can be found in the online supplementary material, Tables S1 to S6. Linear associations of energy intake and energy required with mortality were also examined, with Cox regression on their original level. The interaction of energy intake and energy required was examined in separate Cox regressions. All statistical analyses were done using the statistical software package IBM SPSS Statistics Version 20.0. . Across different quartiles of energy intake, there were significant differences in physical activity frequency per week and energy required per day. Younger participants, males, nonHispanic whites, those with at least 12 years of education, smokers, those without hypertension, without diabetes, with lower BMI, with higher physical activity frequency per week and with more energy required per day were more likely to be in the higher energy intake quartiles.
Results
Within the follow-up period, there were a total of 2954 deaths (61·0 %), more than half (n 1532) of which were caused by CVD. Table 2 shows the characteristics of the 4846 participants by mortality status. Lower energy intake per day, lower physical activity frequency per week, lower energy required per day, older age, being male, non-Hispanic white, fewer than 12 years of education, hypertension, type 2 diabetes and lower BMI were associated with both all-cause and CVD mortality, while being a non-smoker and having a high C-reactive protein level were associated with all-cause mortality only.
Figure 1(a) shows the HR of energy intake and energy required on all-cause mortality. Relative to those in quartile 1 of energy intake, only quartile 4 was associated with all-cause mortality with HR of 0·86 (95 % CI 0·77, 0·96, P = 0·006). The linear association of energy intake with all-cause mortality was also significant (P < 0·001). On the other hand, relative to those in quartile 1 of energy required, all quartiles of participants had a lower risk of all-cause mortality, with HR ranging from 0·63 (quartile 4) to 0·72 (quartile 2). Similarly to energy intake, the linear association of energy required with all-cause mortality was also significant (P < 0·001). Sensitivity analysis showed that adjusting for age, sex and BMI had no effect on the HR (see online supplementary material, Table S1 ). Similarly, changing the adjustment of energy required to BMR plus physical activity level, or changing the inclusion criterion from >1 year of follow-up period to >3 years, had no effect on the HR (Tables S3-S6 ). Figure 1(b) shows the HR of energy intake and energy required on CVD mortality. Relative to those in quartile 1 of energy intake, only quartile 4 was associated with CVD mortality with HR of 0·76 (95 % CI 0·65, 0·89, P = 0·001). The linear association of energy intake with CVD mortality was also significant (P < 0·001). On the other hand, relative to those in quartile 1 of energy required, all quartiles of participants had a lower risk of CVD mortality, with HR ranging from 0·58 (quartile 4) to 0·68 (quartile 2). Similarly to energy intake, the linear association of energy required with CVD mortality was also significant (P < 0·001). Sensitivity analysis showed that adjusting for age, sex and BMI had no effect on the HR (see online supplementary material, Table S2 ).
The interaction effects on all-cause and CVD between energy intake and energy required are demonstrated in Fig. 2(a) and (b) , respectively. Energy intake and energy required were independently associated with all-cause and CVD mortality with an insignificant interaction effect (P = 0·70 and 0·61, respectively). In other words, regardless of the level of energy required, higher energy intake was associated with lower HR of both all-cause and CVD mortality.
Discussion
Our findings were consistent with those of previous population-wide studies among older population groups, namely that higher energy intake is associated with reduced mortality (2, 9, 10) . For critically ill patients, it has been found that an energy intake of 33-65 % of the energy required is associated with better health outcomes and higher mortality was found in patients who deviated from this level of energy intake. This shows that the adverse effects of food intake (e.g. pulmonary aspiration and hyperglycaemia) override the benefits of nutritional support among the critically ill (4) . However, these adverse effects are less applicable to healthy individuals and the results of the current study suggest that the benefits of nutritional support override its disadvantages in this population. Our study also showed that energy intake was §Evidence of hypertension: blood pressure ≥140/90 mmHg or self-reported doctor-diagnosed hypertension. ||Evidence of type 2 diabetes: fasting plasma glucose >126 mg/dl, glycated Hb >6·5 % or self-reported doctor-diagnosed type 2 diabetes.
¶C-reactive protein >3·0 mg/l.
Energy intake and mortality negatively associated with both all-cause and CVD mortality, regardless of the level of energy requirement; our study did not support our hypothesis that energy requirement modifies the association between energy intake and mortality. The study results did not support the argument that lower energy intake may be beneficial to health (18) . Our findings showed that the people still alive at followup had higher BMI compared with those who died in both bivariate analysis (Table 2 ) and after adjusting for demographics, socio-economic status and health conditions (results not shown). Although the negative effects of overweight and obesity on mortality have been documented among the young and working-age population (19) , BMI is inconsistently correlated with mortality risk among the older population (20) (21) (22) (23) (24) . A previous study found that overweight and obesity have protective effects in the healthy older population (25) and we postulate that this is a result of excessive body fat serving as a nutritional reserve in times of stress and illness (26, 27) . In addition, others have shown that increased BMI is positively associated with survival after illness (28, 29) . In our sample at baseline, nearly two-thirds had hypertension, which might explain our finding that BMI was negatively associated with mortality. This result also suggests a causal pathway of higher energy intake leading to reduced mortality through increased BMI.
Increased energy intake was observed in the fourth quartile (~9625 kJ/d (~2300 kcal/d)) as a protective factor ** , ***Significantly different between alive and dead (all-cause) at the 5 %, 1 % or 0·1 % level, respectively. †, † †, † † †Significantly different between alive and dead (CVD) at the 5 %, 1 % or 0·1 % level, respectively. ‡Evidence of hypertension: blood pressure ≥140/90 mmHg or self-reported doctor-diagnosed hypertension. §Evidence of type 2 diabetes: fasting plasma glucose >126 mg/dl, glycated Hb >6·5 %, or self-reported doctor-diagnosed type 2 diabetes. ||C-reactive protein >3·0 mg/l. to reduce all-cause and CVD mortality after adjusting for confounding; this was further evident in the null interaction of energy intake and energy required with mortality, in which energy intake higher than~9625 kJ/d (~2300 kcal/d) was protective regardless of the amount of energy required. Likewise, the increased energy required aligned with the increased energy intake to reduce mortality in the analysis shown Fig. 1 , in which those requiring more than 6694 kJ/d (1600 kcal/d) have a lower risk of allcause and CVD mortality. To examine the association between intake of energy and mortality, in the current study we included energy required data into the evaluation in order to provide more concrete details of the association. By means of the revised Harris-Benedict equation, the energy required was calculated based on an older adult's physical activity level and BMR in terms of age, weight and height (body size), which paralleled the viewpoint that the equilibrium between energy intake and energy required is influenced by a variety of factors such as age, body size and physical activity (10) . Illustration of this energy equilibrium, reflecting health status such as being undernourished to overnourished, underfed to overfed or underweight to overweight, would be a promising parameter for representing the extent to which energy balance affects mortality, which in turn might provide clues to interpreting various previous findings among studies using critically ill hospital inpatient and community populationbased samples.
One of the strengths of the present study is that we made use of data from a large cohort selected by a multistage probability cluster design representing an older US population of diverse nature in terms of sex, race, geography and socio-economic status, consisting of nearly 5000 older participants with a follow-up period of more than 10 years, adjusted for co-morbidity, and the results have high generalizability. Examining the effect of energy intake, energy required and mortality among communitydwelling elderly who were not critically ill might lead to greater homogeneity across possible uncontrolled confounders, such as unreported medical process and disease complications, thus enhancing internal validity.
The study has several limitations. The analysis relied on collection of nutrition and health measurement data at a single time point; we were not able to measure the changes in energy intake and energy required over time. Regarding the validity of the 24 h dietary recall, slight under-reporting was found in the same data set (30) . The self-reported physical activity may be over-reported, as found in other physical activity questionnaires (31) . However, under-reporting of dietary and over-reporting of physical activity would not affect the direction of the energy intake-mortality association; hence we believe this limitation is a minor one. In addition, the 24 h dietary recall may not represent the average energy intake of individual participants. It is possible that the effect of energy intake on mortality was mediated by major life events such as surgery and death of a spouse, but these data were not measured in this study and therefore such hypotheses could not be examined. Finally, concerning the generalizability of the results, the sample consisted of too few underweight participants (only 2·13 % had BMI <18·5 kg/m 2 ).
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